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ABSTRACT 
 
Holographic data pages were stored in a PVA/acrylamide photopolymer. This material is formed of acrylamide 
photopolymers which are considered interesting materials for recording holographic memories. A liquid crystal device 
was used to modify the object beam and store the data pages in the material. During the storage process, some 
parameters like exposure time, beam ratio and intensity were controlled to obtain high quality images after the 
reconstruction process. The bit error rate was calculated to determine what parameters improve the quality of the image. 
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1. INTRODUCTION 
 
Due to the importance acquired by new technologies (computers and Internet), the demand for more capacity, more 
density and faster readout rates has increased considerably. The conventional optical memory technologies, like CD-
ROM's and DVD's, are two-dimensional surface-storage techniques, and so have almost arrived at the limit of their 
capacity. For this reason, in recent years a lot of attention has been centred on 3-dimensional holographic disks 1-3. 
Recently, many studies have been focused on the characterisation and optimization of thick holographic recording 
materials in order to obtain the maximum data storage capacity.  
Since photopolymers have excellent holographic characteristics, such as high refractive index modulation 4,5, large 
dynamic range 6-8, good light sensitivity, real time image development, high optical quality and low cost, they have been 
used as the base of new 3-D holographic disks. In addition to this, their properties like energetic sensitivity or spectral 
sensitivity can be easily changed by modifying their composition 4,6,9.  
In this study, we focus on the optimization of a holographic memory setup using a liquid crystal display (LCD) and a 
PVA-acrylamide photopolymer.  
Twisted-nematic liquid crystal displays (TN-LCDs) have been extensively studied in recent years for application to 
spatial light modulators (SLMs) used in many applications in optics to modify in real time the amplitude or phase of a 
light beam 10-14. This LCD can be used to design programmable optical elements, such as lenses, data pages or in 
holographic data storage. In particular in holographic data storage, LCDs allow data pages to be recorded in real time in 
the holographic recording material. 
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The photopolymer is composed of acrylamide (AA) as the polymerizable monomer, triethanolamine (TEA) as radical 
generator, N,N'methylene-bis-acrylamide (BMA) as crosslinker, yellowish eosin (YE) as sensitizer and a binder of 
polyvinyl alcohol (PVA) 4,9. The layers are about 80±10µm thick. 
We evaluated the performance of the setup as a function of various parameters of the material and the LCD, such as 
beam-ratio of the interfering beams, size of the bits on the LCD, exposure time and reading beam intensity. BER values 
of each image are calculated to decide what parameters provide the best image quality (greater contrast and less noise).  
 
 
2. EXPERIMENTAL 
 
2.1 Preparation of the material 
 
The holograms are registered in a photopolymer composed of acrylamide (AA) as the polymerizable monomer, 
triethanolamine (TEA) as radical generator, N,N’methylene-bis-acrylamide (BMA) as crosslinker, yellowish eosin (YE) 
as sensitizer and a binder of polyvinyl alcohol (PVA). Introduction of BMA in the composition improves the energetic 
sensitivity and diffraction efficiency of the material and, in addition, gives a greater stability to the stored grating, 
thereby preventing it from disappearing with time.  
 
Table 1 shows the component concentrations of the photopolymer composition used to obtain layers about 80µm thick.  
 
Table 1: Concentrations of the photopolymer composition. 
 
 Composition 
Polyvinylalcohol 6.6% w/v 
Acrylamide 0.33M 
Triethanolamine 0.17M 
Yellowish eosin 2.4·10-4M 
N,N’methylene-bis-acrylamide 0.027M 
 
 
A solution of PVA in water forms the matrix and this is used to prepare the mixture of AA, BMA, and 
photopolymerization initiator system composed of TEA and YE. The mixture is made under red light, deposited by 
gravity on a 22x40cm glass plate and left in the dark for one day to allow the water to evaporate in conditions of 
temperature, T, between 20 ºC and 25 ºC, and relative humidity, RH, 40% - 60%. These conditions of drying time, 
temperature and relative humidity are optimized to obtain the maximum diffraction efficiency of the gratings. Once dry, 
the glass is cut into squares of 5x5cm. 
 
 
2.2 Holographic set-up 
 
Holographic data pages were recorded using the output from a diode-pumped frequency-doubled Nd:YVO4 laser 
(Coherent Verdi V2) which was split into two beams and then spatially filtered, using a microscope objective lens and a 
pinhole, and collimated to yield a plane-wave source of light at 532 nm. The diameters of these beams were 1.5 cm. The 
two laser beams were spatially overlapped at the recording medium intersection at an angle of 17.4º (measured in air). 
One of the beams was the object beam and the other was the reference beam. In the object beam the LCD was placed 
between two polarizers, one to each side of the LCD. The set of LCD and polarizers were used like a SLM. In addition, 
a lens in front of the SLM was placed to do the Fourier transform (FT) of the data page which was sent to the SLM. Just 
in front of the photopolymer a diaphragm was placed to block all the orders that leave the LCD except the central order. 
If the other orders were not blocked, they would also be stored in the material, and during reconstruction interference 
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patterns would be observed on the image, thus worsening its quality. The other beam, the reference beam, was a plane 
wave that interferes with the object beam at the surface of the material. In this work, we studied how the beam ratio 
between object beam and reference beam affects the quality of the stored images. These beam intensities were measured 
at the position where the photopolymer must be placed when the holograms are stored. In the reconstruction stage, the 
stored hologram that contains the information of the data page was illuminated with the reference beam, but with a very 
low intensity so as not to deform the hologram, because the material is sensitive to this wavelength. Another lens was 
placed behind the photopolymer to do the inverse Fourier transform (IFT) of the diffracted beam on the surface of the 
charge coupled device (CCD). A computer sends the data pages to the LCD and captures images reconstructed by the 
CCD. 
 
 
Figure 1: Experimental setup: BS beam splitter, Mi mirror, Li lens, Di, diaphragm, SFi, microscope objective lens and pinhole, SLM 
spatial light modulator, Pi polarizer, CCD charge coupled device. 
 
 
3. RESULTS 
 
In this study we evaluated the influence of various parameters when data pages are stored in the material. The 
parameters studied are the beam ratio between object beam and reference beam, the size of the stored pixels, the 
exposure time and the reading beam intensity. Layers about 80 µm thick were used to store the holograms. The data 
pages are binary pages with a chessboard form. They were stored with two different pixel sizes. Fig 2 shows the two 
stored images. 
 
 
   
a)                                                                      b) 
Figure 2: Data pages of a) 1600 bits and b) 3600 bits which are sent to the LCD. 
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When the pixel size is reduced, the number of bits in the objects increases. Thus, the object in Fig 2a has 40x40 pixels 
(1600bits) with a pixel size of 0.5x0.4 mm. The object in Fig 2b has 60x60 pixels (3600 bits) with a pixel size of 
0.35x0.3 mm.  
 
 
3.1 Object with 40x40 pixels. 
 
The object in Fig. 2a is stored in the photopolymer. To do this, an experimental setup was designed in which the beam 
ratio (R) between object beam and reference beam, exposure time (texp) and reading beam intensity are the variables. 
First, we chose R=10 and stored the object with two different exposure times. These times are texp=1.5 and 2.5 s. Each 
stored hologram was read with three different reading beam intensities, IL= 0.1, 0.2, 0.3 mW/cm2. This schedule was 
repeated for the four values of R. The bit error rate (BER) was calculated to evaluate the image quality 15-17. BER 
values are shown in Table 2. 
 
Table 2: Bit rate error of the stored images with the object in Fig 2a. 
 
   BER 
Experiment R texp (s) IL=0.01mW/cm2 IL=0.02mW/cm2 IL=0.03mW/cm2 
1 10 1.5 0.93 0.67 0.35 
2 10 2.5 0.82 0.34 0.22 
3 20 1.5 0.82 0.28 0.17 
4 20 2.5 0.29 0.14 0.09 
5 50 1.5 0.99 0.91 0.76 
6 50 2.5 0.26 0.11 0.08 
7 100 1.5 0.99 0.94 0.85 
8 100 2.5 0.26 0.12 0.07 
 
 
After completing the eight experiments and reconstructing each of the eight holograms stored with the three IL 
mentioned above, it was found that the best reconstructed image was obtained with  IL= 0.3 mW/cm2, as can be seen in 
Table 2. If we look at the column of  BER/IL=0.03mW/cm2, the BER values for this reading intensity are considerably 
smaller than the other BER values, which indicates that the image quality is better. 
In order to visually confirm that the best image is indeed given by IL= 0.3 mW/cm2, Fig. 3 shows the images obtained in 
experiment 7, which is the experiment in which the lowest BER values were obtained. Fig 3a shows the reconstructed 
image with IL= 0.1 mW/cm2, Fig 3b the reconstructed image with IL= 0.2 mW/cm2 and Fig 3c the reconstructed image 
with IL= 0.3 mW/cm2. As can be seen, in Fig 3c there is a greater contrast between the white and black pixels than in 
Figs. 3a and 3b. 
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Figure 3: Images obtained when we read the hologram in experiment 8 with: a) IL= 0.1 mW/cm2, b) IL= 0.2 mW/cm2 and c) IL= 0.3 
mW/cm2.  
 
Once it has been verified which reading intensity provides the best image, we analysed the exposure time with which 
the object is stored. For each beam ratio, the same object was stored with two different exposure times, texp= 1.5 and 2.5 
s. The images obtained with IL= 0.3 mW/cm2 are represented in Fig 4. This figure shows four rows with two images in 
each row. Each row corresponds to one of the four beam ratios in Table 2. Thus, Fig 4a and 4b correspond to R=10, Fig 
4c and 4d correspond to R=20, Fig 4e and 4f correspond to R=50 and Fig 4g and 4h with R=100. In each row, the first 
image is stored with texp=1.5 s (Fig 4a, 4c, 4e, 4g) and the second image is stored with texp=2.5s (fig 4b, 4d, 4f, 4h). As 
can be seen, images with texp=2.5s have a greater quality than the others because there is a greater contrast between 
black and white pixels and a smaller BER (Table 2). For each R value, images which were stored with greater exposure 
time have a smaller BER. For example, in Fig 4a and 4b it would appear that image 4a has less noise than 4b and that it 
should have a smaller BER. However, in Fig. 4a there is as much noise as in Fig 4b, but due to the fact there is less 
contrast, the noise cannot be observed.  
Another point to consider is that as the beam ratio is increased, the noise is progressively diminished. Fig 4b has a 
BER=0.22, Fig 4d has a BER=0.09, and Figs. 4f and 4h have a BER=0.08 and 0.07 respectively. Therefore, we 
concluded that for an object with a pixel size of 0.5x0.4 mm (Fig 2a), the best image is obtained with R=100, texp=2.5s 
and  IL=0.03mW/cm2. 
 
  
a)                                                             b) 
b)a) c) 
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c)                                                                   d) 
  
e)                                                                f) 
  
g)                                                            h) 
Figure 4: Images corresponding to experiments 1-8 in Table 2. 
 
 
3.2 Object with 60x60 pixels. 
 
In this section we present the results of storing the object in Fig. 2b in the photopolymer. As in section 3.1, the object 
was stored varying R, texp and IL using the values in section 3.1. In Table 3 the values of these parameters with the BER 
values obtained are summarized. Like before, the lowest BER is obtained with IL=0.03mW/cm2, texp=2.5s, and in this 
case there is no difference in BER between experiments 6 and 8 with the two beam ratios (R=50 and 100) because the 
same BER is obtained. 
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Table 3: Bit error rate of the images stored with the object in Fig. 2b. 
 
   BER 
Experiment R texp (s) IL=0.01mW/cm2 IL=0.02mW/cm2 IL=0.03mW/cm2 
1 10 1.5 0.94 0.61 0.35 
2 10 2.5 0.27 0.19 0.16 
3 20 1.5 0.88 0.42 0.26 
4 20 2.5 0.54 0.23 0.15 
5 50 1.5 0.90 0.46 0.25 
6 50 2.5 0.17 0.09 0.05 
7 100 1.5 0.91 0.43 0.25 
8 100 2.5 0.17 0.09 0.05 
 
 
The images corresponding to the BER values in Table 3 are shown in Fig 5. As in Fig 4, each row corresponds to a 
specific R value, beginning with R=10 (Fig 5a and 5b) and finishing with R=100 (Fig 5g and 5h). In the first column the 
images are stored with texp=1.5s and the second with texp=2.5s. There is a greater contrast and therefore a smaller BER in 
the images with texp=2.5s . And when R is increased, the noise in the image is diminished. An important point is that the 
images with R=50 and R=100 give the same BER, which is the reason why from R=50 the increase in R does not 
improve the image quality. In Table 2 it can be seen that when R is doubled from 50 to 100, the BER is reduced by only 
0.01 
 
 
  
a)                                         b) 
  
c)                                              d) 
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e)                                                          f) 
  
g)                                                h) 
 
Figure 5: Images corresponding to experiments 1-8 in Table 3.  
 
 
CONCLUSION 
 
In this study, two different data pages with a different pixel size were stored in a PVA-acrylamide. TN-LCDs were used 
as a spatial light modulator to modify the object beam and store the data pages in the material. The data pages were 
stored using an experimental design in which the variables are beam ratio, exposure time and reading beam intensity. 
These variables were modified to find the best quality image. The BER of the read images was calculated to quantify 
the quality of the image and then decide what beam ratio, exposure time and reading beam intensity values yield the 
best image. From the experiments, we conclude that the quality of the images is improved when the beam ratio is 
decreased, and the exposure time and reading beam intensity are increased.  
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